Ineffective erythropoiesis is observed in many erythroid disorders including b-thalassemia and anemia of chronic disease in which increased production of erythroblasts that fail to mature exacerbate the underlying anemias. As loss of the transcription factor FOXO3 results in erythroblast abnormalities similar to the ones observed in ineffective erythropoiesis, we investigated the underlying mechanisms of the defective Foxo3 2/2 erythroblast cell cycle and maturation. Here we show that loss of Foxo3 results in overactivation of the JAK2/AKT/mTOR signaling pathway in primary bone marrow erythroblasts partly mediated by redox modulation. We further show that hyperactivation of mTOR signaling interferes with cell cycle progression in Foxo3 mutant erythroblasts. Importantly, inhibition of mTOR signaling, in vivo or in vitro enhances significantly Foxo3 mutant erythroid cell maturation. Similarly, in vivo inhibition of mTOR remarkably improves erythroid cell maturation and anemia in a model of b-thalassemia. Finally we show that FOXO3 and mTOR are likely part of a larger metabolic network in erythroblasts as together they control the expression of an array of metabolic genes some of which are implicated in erythroid disorders. These combined findings indicate that a metabolism-mediated regulatory network centered by FOXO3 and mTOR control the balanced production and maturation of erythroid cells. They also highlight physiological interactions between these proteins in regulating erythroblast energy. Our results indicate that alteration in the function of this network might be implicated in the pathogenesis of ineffective erythropoiesis.
In addition to phosphorylation, FOXO are regulated by a number of post-translational modifications. FOXO factors in mammals are composed of four highly related members (FOXO1, FOXO3, FOXO4, and FOXO6). Among these FOXO3 is the major active FOXO during erythroid cell maturation [5] . In response to erythropoietin (Epo), FOXO3 is phosphorylated by AKT protein kinase [16] [17] [18] [19] [20] that by promoting its cytosolic localization represses FOXO3's transcriptional activity. FOXO3's expression, nuclear localization and transcriptional activity increases with erythroblast maturation [5] . At the steady state, Foxo3 is required for erythroid cell formation [5] as loss of Foxo3 results in impaired antioxidant response, cell cycle alterations associated with delayed maturation of erythroblast precursors, as well as oxidative stress-mediated reduction of RBC lifespan [5] . These abnormalities lead to decreased RBC production. These combined abnormalities are highly reminiscent of ineffective erythropoiesis in which FOXO3 may be a participant [21, 22] . Nonetheless, the precise mechanism of cell cycle and maturation defects of Foxo3 mutant erythroblasts remains unclear. While the phenotype of Foxo3-deficient erythroid cells is relatively mild, these mice succumb to sudden death when exposed to exogenous oxidative challenge likely due to severe anemia [5] , suggesting that Foxo3 has a key function in stress erythropoiesis. Recent work in our laboratory and others' indicate that in addition to the transcriptional control of antioxidant enzymes, Foxo3 is implicated in an array of metabolic functions raising the possibility that Foxo3's control of antioxidant response may be part of a broader metabolic program [23] [24] [25] [26] [27] [28] [29] (and Campreci os and Ghaffari, manuscript in preparation).
AKT provides an important signal for erythroid cell generation and maturation [16] [17] [18] [30] [31] [32] [33] . In addition to Foxo3, AKT regulates mammalian target of rapamycin (mTOR) kinase. mTOR signaling is one of the major regulators of cellular metabolism. mTOR is key to cellular growth (size) and proliferation, is highly sensitive to oxygen and nutrients including amino acids and glucose and has a central function in protein synthesis [34, 35] . mTOR protein kinase exists in two distinct core complexes, mTOR complexes I and II (mTORC1 and mTORC2, respectively) which differ in their regulation and functions as well as in their sensitivity to rapamycin. While the physiological function of mTOR signaling during erythroid cell maturation remains unknown [36, 37] , conflicting results as to whether use of the mTOR inhibitors in patients [35] is associated with anemias have been reported [38, 39] .
Here we investigated mechanisms underlying alterations of Foxo3-deficient erythroid cell cycling. Strikingly, we found that loss of Foxo3 results in overactivation of the JAK2/AKT/mTOR signaling pathway in erythroblasts partly mediated by redox modulation. Activation of mTOR leads to alterations of cycling and differentiation of immature erythroblasts suggesting that activation of a feedback loop upstream of FOXO3 compromises erythroid cell maturation. We further show using in vitro and in vivo approaches that inhibition of mTOR signaling partially alleviates the abnormal maturation of Foxo3-deficient erythroblasts leading to increased red blood cells (RBC) in the peripheral blood. Notably, we show that FOXO3 and mTOR together may be part of a metabolic network during erythroid cell maturation. These findings suggest that hyperactivation of mTOR signaling resulting from loss of FOXO3 function contributes to the blockade of Foxo3 2/2 erythroblast maturation. In addition, they provide a platform to further delve into redox and metabolic regulation of erythropoiesis.
Methods

Mice. Foxo3
1/2 mice (129xFBV/n) [40] were backcrossed >10 generations onto C57Bl6 [41] and 10-12 week old C57Bl6 mice were used in all experiments. Protocols were approved by the Institutional Animal Care and Use Committee of Mount Sinai School of Medicine.
Cells. Bone marrow lineage negative cells were separated from mature cells using the EasySep TM mouse hematopoietic progenitor enrichment kit (StemCell Technologies) and differentiated on fibronectin-coated plates for 18 h with IMDM 1 15% FBS supplemented with 2 U/ml Epo, IL-6 (10 ng/ml) and SCF (100 ng/ml) (modified from [32, 33, 42] ). Cells were then starved in vitro for 2 hrs in IMDM supplemented with 0.1% FCS and further stimulated with Epo (10 U/ml). In some experiments, cells were differentiated in the presence of 100 mM NAC. Fetal liver cultures were performed using a modified protocol of [43] . Briefly, lineage negative cells were isolated from E14.5 fetal livers and plated at <2 3 10 6 cells/ml with erythroid expansion medium consisting of Stem Span SFEM (StemCell Technologies) supplemented with 2 U/ml human recombinant Epo (Amgen), 100 ng/ml SCF (PreproTech), 40 ng/ml insulin-like growth factor-1 (PreproTech), 10 26 M dexamethasone (D2915; Sigma), 0.4% cholesterol mix (Gibco), and 1% penicillin/streptomycin (Gibco). After 48 hr cells were washed with PBS and plated at a concentration <2 3 10 6 with either ramapycin (20 nM; Enzo Life Sciences) or vehicle control with erythroid differentiation medium consisting of IMDM supplemented with 2 U/ml Epo, 100 ng/ml SCF, 10% Serum replacement (Invitrogen), 5% platelet-derived serum, glutamine and 10% protein-free hybridoma media. After another 24 hrs, cells were collected and erythroid maturation analyzed by flow cytometry.
Retroviral production and transduction of cells. Retroviral constructs and supernatant production were performed as previously described [32, 33] .
Colony-forming assays. For BFU-E and CFU-E analyses, 1 3 10 4 and 3 3 10 3 total bone marrow cells were plated respectively in triplicates as previously described [32] .
Flow cytometry. Bone marrow and fetal liver single cell suspensions were prepared and maintained in IMDM 1 15% FBS, washed twice, preincubated with 10% rat serum and stained with CD71-FITC, CD44-APC, and TER119-PE or -FITC antibodies (BD Biosciences). Gating to distinguish erythroid populations according to their stage of maturation was performed as in [44] . Freshly isolated bone marrow cells stained with CD44-APC and TER119-FITC, were fixed with fix/permeabilization buffer (BD Biosciences) and incubated with 1:100 dilution of antipSer473 AKT and pSer235/236 S6 antibodies (Cell Signaling Technology, Cat #9271 and #4858, respectively) followed by incubation with 1:1000 dilution of PEconjugated secondary antibody (BD Biosciences) to measure intracellular AKT and S6 phosphorylation. Samples were washed and protein phosphorylation was analyzed by flow cytometry. Data was analyzed by FlowJo software (Treestar).
Cell proliferation assay. Mice were injected intraperitoneally with 1 mg of BrdU. After 1 hr, bone marrow cells were isolated and stained with CD44-APC and TER119-PE antibodies (BD-Pharmingen, CA), then fixed and stained with antiBrdU-FITC antibody (BD Biosciences) and 7-AAD for flow cytometric analysis of cell proliferation following the manufacturer's protocol. Similar results were obtained when BrdU was injected 30 min before harvesting cells.
N-Acetyl-L-cysteine (NAC) treatment. Mice were injected intraperitoneally with 100 mg/kg body weight of N-acetyl-L-cysteine (NAC; Sigma, MO) in phosphate buffered saline solution (pH7.4) daily for 2 weeks.
Western blot analysis. Cells were starved in 0.1% serum for 2 hrs and then stimulated with Epo (10 U/ml). Lysates were prepared in 13 RIPA lysis buffer (20 mM Sodium phosphate, 300 mM sodium chloride, 4 mM EDTA) containing 2% sodium deoxycholate, 2% NP-40, 0.2% SDS, 400 lM sodium orthovanadate, 0.2% bmercaptoethanol, 2 mM PMSF, and 100 mM sodium fluoride. The buffer was also mixed with protease cocktail inhibitors (Roche; Cat No: 11-697-498-001). The total protein was estimated using Bio-Rad Bradford's Reagent (Cat #500-0006) following manufacturer's instructions. Retrovirally transduced GFP-positive NIH3T3 cells were FACS sorted and cell lysates were prepared in Laemmli sample buffer (Bio-Rad), resolved by SDS polyacrylamide gel electrophoresis (PAGE) and transferred on to PVDF membranes. Given the size and to enhance resolution, mTOR protein was run separately. The following primary antibodies were used for western blotting: antipSer473 Akt (#4051), anti-Akt (#9272), anti-pThr389 p70 S6 Kinase (#9205), antip70 S6 kinase (#9202), anti-pSer2448 mTOR (#2971), anti-mTOR (#2972), antipTyr1007/1008 Jak2 (#3776), anti-TSC1 (# 6935), anti-p4EBP1 (Thr37/46) (# 2855), 4EBP1 (# 9644), from Cell Signaling Technology, and antiglutamine synthase BD (# 610517); all used at 1:1000 dilutions. Anti-Tubulin: Santa Cruz Biotechnology (#sc-8035) anti-Actin (#sc-1616) from Santa Cruz. Anti-JAK2 (#06-255; Upstate Biotechnology; 1:500). Horseradish peroxidase (HRP)-conjugated secondary antibodies were used at 1:5000 (Santa Cruz).
Rapamycin treatment. Mice received intraperitoneal administration of 4 mg/kg body weight of rapamycin (Enzo Life Sciences, NY) in PBS 1 5% Tween 80 1 5% PEG400 1 4% Ethanol during five consecutive days/week for 2 weeks.
Hematological studies. Blood samples were obtained from the cava vein right after sacrificing the mice and collected in EDTA or Heparin. Complete blood counts (CBC) were measured with an Advia 120 analyzer.
Plasma Epo measurement. Plasma Epo concentrations were determined by the Quantikine V R ELISA kit for mouse erythropoietin from R&D Biosystems (Minneapolis, MN) according to the manufacturer's instructions.
RNA isolation and QRT-PCR. Was performed as previously described [41, 45, 46] . Fluidigm-96.96 dynamic array IFC. For fluidigm dynamic array performance, specific target amplification (STA) was performed according to the manufacturerÇs protocol (PN 100-3488 B1). Briefly, cDNA was pre-amplified using the TaqMan Statistical analysis. Fluidigm data was normalized using standard 2 2DDCt method using actin readings as an internal standard in each series of PCR reactions. In experiments other than Fluidigm analysis of gene expression, the unpaired one-and twotailed Student's t test was used. A P < 0.05 was considered to be significant.
Results
FOXO3-mTOR control erythroblast cell cycling
To examine mechanisms underlying abnormalities of Foxo3 mutant erythroblast cycling and maturation we analyzed Epo-activated signaling pathways in primary mouse Foxo3 2/2 erythroid precursors. Primary lineage negative (lacking mature erythroid cells) wild type (WT) and Foxo3 2/2 bone marrow cells cultured under an erythroid differentiation condition for 18 hrs (18 h) [33, 42] produced 60% TER119 1 cells (Supporting Information Fig. 1 ). These cells were serum starved for 2 h and stimulated with Epo before lysates were analyzed by immunoblotting ( Fig. 1) . As anticipated JAK2 protein tyrosine kinase that is necessary for Epo receptor (EpoR) signaling and its downstream effector AKT, were rapidly phosphorylated in response to Epo [16, 18] ( Fig. 1 ). In addition, mTOR protein kinase and its downstream target ribosomal S6 protein kinase 1 (S6K1) were phosphorylated in immature mouse erythroblasts. Epo stimulation of primary Foxo3-null erythroblast precursors also resulted in increased JAK2 phosphorylation as in wild-type erythroblasts (Fig. 1 ). This was associated with enhanced phosphorylation of signaling proteins AKT, mTOR, and mTOR target S6K1 in Foxo3-null erythroblast precursors at levels markedly higher than the control. Up to 1 hr after Epo stimulation the AKT/mTOR/ S6K1 remained highly phosphorylated in Foxo3-deficient erythroid precursors with a distinct kinetic from that observed in wild type cells. To further assess whether mTOR signaling was activated in Foxo3 mutant erythroblasts, we compared the phosphorylation of another downstream target of mTOR, the eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4EBP1). mTORC1 phosphorylation and inhibition of 4EBP1 has a more direct impact on mRNA translation [34] . Phosphorylation of 4EBP1 in response to Epo stimulation was increased in primary freshly isolated Foxo3 mutant erythroblasts (TER 119 As FOXO3 is a key regulator of oxidative stress, and ROS modulate protein phosphorylation [14, 47] we evaluated whether ROS are implicated in the alteration of EpoR signaling in Foxo3 mutant erythroblasts. In vitro treatment with ROS scavengers N-acetyl cysteine (NAC) for 2 h had a noticeable effect on reducing phosphorylation of JAK2, AKT, mTOR, and S6K protein in primary Foxo3 mutant bone marrow erythroblasts (Fig. 2, compare lanes 8, 9 to 11, 12 ). These results suggest that ROS contribute to the enhanced phosphorylation of these proteins in Foxo3 mutant erythroblasts in response to Epo. NAC treatment also reduced the levels of JAK2/AKT/mTOR/S6K1 phosphorylation in wildtype primary erythroid cells (Fig. 2, compare lanes 2, 3 to 5, 6 ). Although under these conditions, NAC reduced notably phosphorylated AKT, mTOR and S6K in both wild type and Foxo3 mutant erythroblasts, the effect of NAC on pJAK2 was less pronounced (Fig. 2) . The phosphorylated form of ribosomal protein S6 (pS6) is a target of S6K1 and a reliable indicator of mTORC1 activity [35] . In agreement with ROS effects on mTORC1 activity, in vivo treatment with NAC reduced the frequency of pS6 expressing cells and the levels of pS6 (Supporting Information Fig. 2 and data not shown). These results are consistent with the notion that redox state modulates mTOR signaling [48, 49] , and suggest that increased ROS mediate at least partially overactivation of mTOR signaling in immature Foxo3 2/2 erythroblasts in vitro (Fig. 1,  Supporting Information Fig. 2) .
We next investigated the function of mTOR signaling in normal erythropoiesis. We used RNA interference to inhibit the expression of S6K1, a direct mTORC1 target [34, 35, 50] in primary erythroid progenitors (Fig. 3A) . Inhibition of S6K1 in bone marrow cultures using two distinct shRNA sequences resulted in significant reduction of BFU-E and CFU-E-derived erythroid cell colony formation (Fig. 3B) . The degree of inhibition of erythroid progenitor cell-colony formation was consistent with the relative expression of S6K1 in response to RNA interference targeting in BFU-Es but not in CFU-Es (Fig. 3B) suggesting that while mTORC1 activation is required for both BFU-ES and CFU-Es, BFU-Es more than CFU-Es are highly sensitive to levels of mTOR signaling. These results may reflect distinct sensitivity of these progenitors to EpoR signaling [51] . These combined results suggest that mTORC1 signaling is required for in vitro generation of erythroid progenitor cell-derived colonies.
As mTOR signaling is central to cell growth and proliferation, we asked whether inhibition of mTOR signaling by rapamycin that is a specific inhibitor of mTORC1 [35] has any impact on erythroblast precursor cell cycling. To address this, we used the thymidine analog 5-bromo-2-deoxyuridine (BrdU) that is incorporated in dividing cells in vivo. Mice were treated in vivo with rapamycin for 2 weeks and injected with BrdU 30-60 min before harvesting the bone marrow. Erythroblast cell cycle distribution was analyzed at distinct stages of maturation by flow cytometry examination of BrdU incorporation and the DNA marker 7-aminoactinomycin D (7-AAD). Maturing erythroblasts (proerythroblasts, basophilic erythroblasts, and polychromatophilic erythroblasts) expressing similar levels of transferrin receptor CD71 [44] (and data not shown) were distinguished according to their size (forward scatter, FSC) and surface expression of TER119 and CD44 [44] (Fig. 4A, FACS plot) . The analysis yielded important insights into primary bone marrow erythroblast cycling. A significant fraction (up to 75%) of wild type bone marrow erythroblasts (Gates I to III proerythroblasts, basophilic, polychromatophilic) were in the S phase (Fig. 4B) . Rapamycin treatment strongly blocked erythroblast cell cycle progression at the G1/S transition phase in immature erythroblasts (Gates I and II, proerythroblasts and basophilic erythroblasts respectively) and reduced the fraction of proerythroblasts (Gate I) in the S phase. In addition, rapamycin treatment strongly reduced the fraction of basophilic erythroblasts (Gate II) that were in the G2/M transition without significant effects on cells at later stages of maturation (Gates III and IV). In contrast to its effect on proerythroblasts, rapamycin treatment resulted in an increase, rather than a decrease in the fraction of basophilic erythroblasts (Gate II) that were in the S phase (Fig. 4B) . These results indicate that mTOR signaling is required for normal cell cycle progression of immature (Gates I and II) erythroblasts.
Immature Foxo3 mutant erythroblasts exhibit cell cycle defects associated with a failure to fully mature [5] . As a consequence, the rate of Foxo3 mutant erythroblast maturation is decreased. We evaluated whether the overactivation of mTOR signaling in Foxo3 mutant erythroblasts contributes to their cell cycle alteration and defective maturation. BrdU analysis of Foxo3 mutant erythroblasts confirmed Foxo3 mutant erythroblast cell cycle alterations [5] (Fig. 4A,B) . Relative to controls, a reduced fraction of early Foxo3 mutant erythroblasts (Gates I) was in the S phase of cell cycle as previously observed [5] . In addition to a slight increase in the fraction of immature Foxo3 mutant precursors (Gates I and II) in G0/G1 and a slight increase in the S phase (Gate II), a noticeable fraction of these cells was blocked at the G2/M transition (Fig. 4B) . Rapamycin treatment improved significantly the G2 to M transition of Foxo3 mutant erythroblasts (Fig. 4B , Gate I) suggesting that the G2/M block is mediated in part by the overactivation of mTOR signaling in Foxo3 mutant erythroblasts. As observed in control cells, bone marrow lineage-negative cells were isolated and cultured under erythroid condition for 18 hrs in the presence or absence of NAC (100 lM), serum-and cytokine starved for 2 hrs and stimulated with Epo (10 U/ml) for the indicated time points in vitro before preparing the whole cell extract.
the in vivo treatment with rapamycin enhanced the fraction of Foxo3 mutant cells (Gate I) in G0/G1. The effects of rapamycin on wild type and Foxo3 mutant cell cycle were highly similar at later stages of erythroblast maturation (Fig. 4B, lower panels) .
As anticipated, the effect of rapamycin in early precursors (Gates I and II) mediated the inhibition of mTORC1 signaling as shown by reduced phosphorylation of S6 at distinct stages of erythroblast maturation (Fig. 4C) . In contrast, rapamycin treatment did not significantly reduce the frequency of pAKT-expressing erythroblasts or levels of pAKT (data not shown) suggesting that the AKT activator mTORC2 [35] might not be involved in these effects. Together these results suggested the effects of rapamycin in early erythroblasts (Gates I and II) are likely mediated by mTORC1.
Rapamycin treatment increases RBC production in Foxo3
2/2 mice in vivo
In vivo treatment with rapamycin increased significantly RBC numbers and hemoglobin concentration in Foxo3 2/2 peripheral blood without modulating significantly the total number of erythroid (TER119 1 ) cells (Table I ; Fig. 5A,B) . Importantly, rapamycin treatment tipped the balanced production of erythroid cells towards terminal maturation (Fig. 5C,D) . A picture emerging from these findings is that by increasing the fraction of cells in G1, rapamycin may block cell cycle progression in immature erythroblasts (proerythroblasts, Gate I), reduce the fraction of cells in the S phase, and induce cell cycle exit in immature Foxo3 mutant erythroblasts. In agreement with this interpretation, the ratio of mature to immature erythroblasts in the bone marrow also increased in response to rapamycin treatment (Fig. 5C,D) .
The effect of rapamycin on maturation may be due to its intrinsic effect in erythroblasts, or extrinsic due to its effect on bone marrow microenvironment [52, 53] . To distinguish between these alternatives, we isolated E14.5 fetal livers that are site of definitive erythropoiesis and followed the ex vivo differentiation of erythroblasts in the presence or absence of rapamycin. This approach enabled us to monitor precisely stages of erythroblast maturation in response to treatment. Addition of rapamycin to erythroblasts that were all at the proerythroblast stage reduced the frequency of immature (in Gate I) in favor of mature erythroblasts (in Gate III) similar to the effect seen in in vivo experiments (Supporting Information Fig. 3 ). These findings further support the notion that overactivation of mTOR signaling in immature Foxo3 mutant erythroblasts reduces their rate of maturation.
Elevated erythropoietin (Epo) is associated with the state of ineffective erythropoiesis and is likely to take part in abnormally enhanced signaling in immature erythroblasts [54, 55] . We argued that if the abnormal erythropoiesis in Foxo3 mutant mice is similar to ineffective erythropoiesis, then circulating Epo levels should be increased in Foxo3 2/2 mice. In addition, rapamycin treatment should result in reduced Epo levels in Foxo3 mutant peripheral blood. Consistent with an ineffective erythropoiesis phenotype, circulating Epo levels were significantly increased in Foxo3 mutant peripheral blood (Supporting Information Fig. 4) . In vivo treatment with rapamycin reduced the increased levels of circulating Epo in Foxo3 mutant peripheral blood (Supporting Information Fig. 4 ) but did not significantly modulate the levels of Epo in wild-type mice. These results further supported the concept that the abnormal Foxo3 2/2 erythropoiesis has overlapping features with ineffective erythropoiesis. They also raised the potential Figure 4 . In vivo rapamycin treatment inhibits cell cycle progression in bone marrow immature erythroblasts. A. Flow cytometry strategy to distinguish four different bone marrow erythroid populations with increasing degree of maturation (Gates I to IV) according to their TER119 and CD44 cell surface expression and forward scatter (FSC) properties after fixation and permeabilization. Cell cycle analysis (B) and phosphorylated S6 (C) were analyzed by flow cytometry in each erythroid precursor population from WT and Foxo3 2/2 mice treated with rapamycin (4 mg/kg*day) or control vehicle for 2 weeks. In B each graph represents a distinct population and numbers within each graph represent percentage of cells in G0/G1, S, and G2/M phases of cell cycle for each population. One representative of two independent experiments is shown (n 5 3 mice in each group, mean 6 SEM; *P < 0.05; **P < 0.01; ***P < 0.001 between vehicle-and rapamycin-treated; # P < 0. Table I ) suggest that rapamycin enhances erythroid maturation by inducing cell cycle exit of immature erythroblasts resulting in increased RBC production. These findings reflect the amplitude of dynamic changes that are detected specifically in immature erythroblasts (proerythroblasts) as compared to cells at later stages of maturation as previously reported [56, 57] .
FOXO3-mTOR regulate erythroblast metabolic gene expression in vivo
ROS elimination is maintained in part by sustained generation of reduced glutathione as a result of glucose metabolism and a functional pentose phosphate pathway (Fig. 6A) . Given the function of mTOR protein kinase in cellular metabolism [34, 35] and its sensitivity to redox modulation [48] , in particular in erythroblast precursors (Fig. 2 , Supporting Information Fig. 2) we explored the possibility that the impact on erythroid cell production might be mediated by mTOR's influence on erythroblast metabolism. Using Fluidigm microfluidics technology that enables monitoring the expression of 96 genes in 96 samples all at once (equivalent of 9216 real-time PCR), we interrogated the expression of an array of metabolic genes (Fig. 6) . Wild type and Foxo3 mutant mice were treated for 2 weeks with rapamycin or control vehicle and RNA from erythroblasts at distinct stages of maturation was isolated and subjected to Fluidigm QRT-PCR analysis (Fig. 6) . These experiments led to several interesting observations. First, in agreement with earlier observations [10, 11] , the transcript of the majority of metabolic genes surveyed in wildtype erythroblasts was at least as highly expressed in early immature erythroblasts (proerythroblasts, Gate I) as it was in maturing erythroblasts (orthochromatic erythroblast, Gate IV). Strikingly, we found the expression of many metabolic genes specifically implicated in glucose metabolism was highly altered (mostly reduced) in Foxo3 mutant erythroblasts at different stages of maturation, specifically in immature erythroblasts (Fig.  6B) . Expression of several of these genes in Foxo3 mutant erythroblasts was sensitive to rapamycin treatment (Fig. 6B) . Specifically, in vivo treatment with rapamycin normalized and/or significantly improved the transcript level of several genes including pyruvate kinase M2 (Pkm2), aldolase A encoding fructose-bisphosphate aldolase (AldoA), Enolase 1 a (EnoA) (Eno1/EnoA), glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and Lactate Dehydrogenase (Ldh) B (LdhB) in Foxo3 mutant immature erythroblasts (Gates I and II cells, Fig. 6B ). These results indicate that altered expression of many metabolic specifically glycolytic transcripts in Foxo3 mutant immature erythroblasts is likely due to either decreased transcription (due to lack of FOXO3), or enhanced activation of mTOR signaling (or likely both) in Foxo3 mutant erythroblasts.
In addition to the redox state, some of the direct targets of FOXO3 [58, 59] like Rictor, Tsc1, and glutamine synthetase (GS) [23] are implicated in the activation of mTOR. Rictor is part of the mTORC2 complex [60, 61] . Rictor transcripts were slightly but significantly reduced in Foxo3 mutant erythroblast (Fig. 7A) supporting a potential decreased assembly of mTORC2 in favor of mTORC1 complex in erythroblasts 2/2 mice treated with rapamycin (4 mg/kg*day) or control vehicle for 2 weeks. Quantification of target genes is relative to b actin. Results are mean 6 SEM of three cDNAs, each generated from one mouse. *P < 0.05 between vehicle-and rapamycin-treated; # P < 0.05 between WT and Foxo3 2/2 . [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] [60, 62] . While transcripts for Tsc1 that is an upstream negative regulator of mTOR signaling [63] were highly reduced in Foxo3 mutant erythroblasts (Fig. 7A) , TSC1 protein was not significantly altered (Fig.  7B , quantification in the right panel) suggesting that reduction of TSC1 transcript expression was unlikely to mediate activation of mTOR in Foxo3 mutant erythroblasts. On the other hand the transcript for glutamine synthetase (GS) that is a negative regulator of mTOR [23] was highly and significantly reduced in Foxo3 mutant erythroblasts at all stages of maturation, including in early precursors (Gates I and II) (Fig.  6B) . GS protein expression was also significantly reduced in freshly isolated TER 119 1 Foxo3 mutant erythroblasts (Fig. 7C) . These findings raise the possibility that reduced expression of GS might be implicated in mTORC1 activation in Foxo3 mutant erythroblasts.
Increased proliferation of immature erythroblasts that are unable to fully mature, as seen in Foxo3 mutant erythroblasts (Figs. 4 and 5 , Supporting Information Figs. 3,5 ) characterizes ineffective erythropoiesis observed in many erythroid disorders including b-thalassemia [52, 55] . In b-thalassemia, the generation of erythroid cells is hampered by a number of intricate mechanisms triggered partly by redox imbalance that together lead to an exacerbated erythropoiesis that fails to produce sufficient numbers of mature functional RBC [54, 64] . Given that rapamycin treatment improved the ineffective erythropoiesis of Foxo3 mutant mice, we evaluated the potential effect of rapamycin on bthalassemic erythropoiesis. Strikingly, a 2-week in vivo treatment with rapamycin increased the number of RBC (*P < 0.05, Table I ), hematocrit (36.4 6 1.3% in rapamycin treated mice versus 32.2 6 1.3% in mice treated with control vehicle) and specifically hemoglobin by over 1 g/dl in the peripheral blood of a model of b-thalassemia (intermedia Hbb th3/1 , Th3/ 1 ) [55] . These findings suggest that activation of mTOR signaling in erythroblasts may contribute to the b-thalassemic phenotype. The effects of rapamycin on bone marrow and spleen bthalassemic erythroblast cell cycling was at best modest (data not shown) despite its effect on Foxo3 mutant erythroblast cycling (Fig. 4) suggesting additional mechanisms are involved. Nonetheless, consistent with the notion that Foxo3 mutant and b-thalassemic erythropoiesis may share common features, there was a remarkable similarity between alteration of metabolic gene expression in b-thalassemic and Foxo3 mutant erythroblasts (Fig. 6B) . In particular, expression of Pkm2, Gpi1, EnoA-Eno1, G6pd1, Pgk1, LdhA, LdhB, Idh1, and Idh2 was similarly altered in b-thalassemic and Foxo3 mutant erythroblasts. While rapamycin treatment increased expression of b major in b-thalassemic erythroid cells (Fig. 8) , the effect of rapamycin on metabolic genes was restricted to increasing the transcript expression of Pdk1 and Idh1 in early and late stages of b-thalassemic erythroblast maturation respectively (Fig. 6B) .
Discussion
Defective proliferation of Foxo3 mutant erythroblasts that fail to mature [5] is reminiscent of proliferation and maturation defects leading to ineffective erythropoiesis [54] . Here we showed that defects of Foxo3 mutant erythroblast maturation are mediated in part by hyperactivation of mTOR signaling In immature erythroblasts. These defects lead specifically to a G2/M block in Foxo3 mutant erythroblast cycling. Our results suggest that physiological cooperation of mTOR signaling with FOXO3 is key to the control of cell cycle progression of immature erythroblasts and their rate of maturation in vivo (see Model, Fig. 9) . We have previously shown that FOXO3 is required for erythroblast cell cycling [5] . The defects in the G2/M progression of FOXO3 mutant erythroblasts isolated from C57Bl6 mice shown here are similar to what we observed in Foxo3 mutant hematopoietic stem cells [41] . However, we failed to detect the G2/M block in a heterogeneous population of erythroblasts isolated from mice on a mixed genetic background (FVB3129). Although our data does not implicate directly redox modulations in mTOR activation in primary immature erythroblasts in vivo, in contrast to our observations in primitive primary Foxo3 mutant myeloid progenitors [45] overall our findings support a model in which a feedback loop that is in part mediated by a redox switch amplified by loss of FOXO3 activates mTOR signaling in primary erythroblasts. Together these results indicate that the outcome of FOXO3/mTOR interactions may be cell context dependent [45] . Activation of mTOR in primitive primary Foxo3 mutant myeloid progenitors [45] result in increased cell cycle whereas in Foxo3 mutant immature erythroblasts mTOR activation leads to relative cell cycle delay (Fig. 4) .
Erythroblasts have a remarkable capacity for proliferation and as such are likely to be especially sensitive to metabolic perturbations [43] . FOXO3 may have a function in regulating key metabolic genes (Fig. 6 ) in erythroblasts in agreement with recent studies in neural stem and progenitor cells [65] . Defective expression of metabolic genes may contribute to the accumulation of ROS in Foxo3 mutant erythrocytes resulting in hemolytic anemia and ROS-mediated reduction of RBC lifespan observed in Foxo3 2/2 mice [5] . It would be interesting to investigate whether in addition to oxidative stress (Fig.  2) [5], reduction of glutamine synthetase expression (Figs. 6B,7C ) contributes to the overactivation of mTOR signaling of Foxo3 mutant erythroblasts in vitro and/or in vivo [23] . One of the most unexpected findings was the increased production of mature RBC in response to rapamycin treatment in b-thalassemic mice. b-thalassemia arises as a consequence of mutations of b globin gene and precipitation of excess unmatched a globin, resulting in an increase in the pool of free iron that triggers enhanced redox reactions and damage to RBC membrane. These changes ultimately lead to excessive compensatory proliferation of erythroid precursors that fail to mature [2, 55, 66, 67] . Consistent with the therapeutic effect of JAK2 protein tyrosine kinase inhibitors [55] , our results implicate mTOR signaling in the ineffective b-thalassemic erythropoiesis. It is noteworthy that rapamycin induces g-globin mRNA and fetal hemoglobin (HbF) production in cultured human erythroid progenitors from b-thalassemic patients [68] . It will be important to investigate mechanisms whereby rapamycin ameliorates b-thalassemic anemia and explore potential effects on protein translation, iron flux [69] and immune response [35] .
One of the noticeable findings in these studies was ROS-mediated phosphorylation of JAK2 in primary mouse erythroblasts. JAK2 protein tyrosine kinase, an essential component of EpoR signaling is known to generate ROS upon stimulation and be redox modulated, a property that is relevant to myeloproliferation [70] . However whether oxidation activates or inhibits JAK2 has been debated [71] [72] [73] [74] . While the mechanism of JAK2 hyperphosphorylation in Foxo3 mutant erythroblasts is unclear, reduced expression of Lnk (SH2B3), a negative regulator of JAK2 phosphorylation, in Foxo3 mutant erythroblasts might be implicated (Supporting Information Fig. 6 ) [45] .
Collectively, these studies support the notion that activation of mTOR signaling as a result of loss of FOXO3 function [45] might be implicated in the pathogenesis of ineffective erythropoiesis as seen in Foxo3 mutant mice. Future studies should elucidate whether and how metabolic abnormalities associated with overactivation of mTOR signaling contribute to erythroblast cell cycle defects. ROS levels under control through transcriptional regulation of antioxidant enzymes and certain metabolic enzymes. The absence of FOXO3 leads to increased ROS levels that further activate mTOR, which in turn influences glycolytic enzymes and erythroblast cell cycling leading to decrease in erythroblast maturation. Red arrows indicate the main findings described in this article. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
